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Introduction
The method described here aims at the identification of metabolite and protein partners of a protein of choice in near-in-vivo cellular lysate conditions. It has been speculated that many more metabolites than characterized today have an important regulatory function 1 . Metabolites can act as biological switches, changing the activity, functionality, and/or localization of their receptor proteins 2, 3, 4 . In the last decade several breakthrough methods, enabling identification of PMI in vivo or in near-in-vivo conditions, have been developed 5 . Available approaches can be separated into two groups. The first group comprises techniques that start with a known-metabolite bait in order to trap novel protein partners. Methods include affinity chromatography 6 , drug affinity responsive target-stability assay 7 , chemo-proteomics 8 , and thermal proteome profiling 9 . The second group consists of a single method that starts with a known protein in order to identify small-molecule ligands 10, 11 . 12 . As a starting point, the authors used yeast strains expressing 21 enzymes involved in ergosterol biosynthesis and 103 kinases fused to a tandem-affinity purification (TAP) tag. 70% of the enzymes and 20% of the kinases were found to bind different hydrophobic ligands, shedding light into the intricate proteinlipid interaction network.
AP coupled with MS-based lipidomics was used to analyze protein-lipid complexes in Saccharomyces cerevisiae
Previously, we could demonstrate that, similarly to lipids, polar and semi-polar compounds also remain bound to protein complexes isolated from the cellular lysates 13 . Based on these findings, we decided to optimize the AP method published previously 10, 11 for plant cells and hydrophilic compounds 14 . For this purpose, we used TAP vectors described by Van Leene et al. 2010, successfully used in plant PPI studies 15 . To shorten the time required to obtain transgenic lines, we decided on Arabidopsis cell cultures. We employed a one-step methyl tert-butyl ether, (MTBE)/ methanol/water extraction method, allowing the characterization of proteins (pellet), lipids (organic phase), and hydrophilic metabolites (aqueous phase) 16 in a single affinity-purification experiment. EV control lines were introduced to exclude false positives, e.g. proteins binding to the tag alone. As proof of concept we tagged three (of the five) nucleoside diphosphate kinases present in the Arabidopsis genome (NDPK1-NDPK3). Among other findings, we could demonstrate that NDPK1 interacts with glutathione S-transferase and glutathione. Consequently we could prove that NDPK1 is subjected to glutathionylation 1. Separate on the column 3 µL of the sample using a 300-nl/min flow rate. For a mobile phase, use buffer C and D (63% v/v ACN, 0.1% v/v formic acid), forming a gradient ramping from 3% ACN to 15% ACN over 20 min and then to 30% ACN over the next 10 min. Note: Store the rest of the sample at -20 °C or -80 °C up to few months. Prior to proteomic measurement, refreeze the sample on ice. 2. Wash contaminants out for 10 min using 60% ACN and equilibrate the column with 5 µL of buffer C before measurement of the next sample. 3. Gain mass spectra using data-dependent MS/MS method with resolution set at 70,000, AGC target of 3e 6 ions, maximum injection time of 100 ms, and an m/z ranging from 300 to 1600. Acquire maximum of 15 MS/MS scans at a resolution of 17,500, AGC target of 1e 
Processing of Proteomic Data
1. Download the newest Arabidopsis thaliana proteome database from http://www.uniprot.org/ and include contaminant database. Analyze raw data obtained from the LC-MS runs using MaxQuant with the integrated Andromeda peptide search engine using default setting with enabled LFQ normalization 20, 21, 22 . Find detailed information about parameters used in Table S1 For quantitative studies (analysis of protein enrichment between samples) use the "LFQ intensity" value, whereas for qualitative research (presence or absence of particular protein) choose the "Intensity" value. 2. Filter for protein groups that are more abundant in NDPK1 comparing to EV control. Determine localization of potential protein partners using the SUBA database 23 and correct for protein co-localized with NDPK1.
Measurement of Samples Containing Polar Phase Using UPLC-MS.
1. Resuspend dried polar phase from step 4.5 in 200 µL of water and sonicate the sample for 5 min.
2. Centrifuge the sample at 20,817 x g for 10 min at 4 °C, then transfer the supernatant to a glass vial. Note: Store the rest of the sample at -20 °C or -80 °C for up to several months. Prior to metabolomic measurement, refreeze the sample on ice. 3. Perform a separation step using UPLC coupled to C18 reversed-phase column and acquire mass spectra with MS.
1. Load onto the column 2 µL of the sample per injection for each ionization mode (positive and negative) and separate the fraction using 400 µL/min flow rate. To create the required gradient for metabolite measurement, prepare mobile phase solution as follows: buffer A (0.1% formic acid in H 2 O) and buffer B (0.1% formic acid in ACN). 2. Separate metabolites at 400 µL/min and the following gradient: 1 min 99% of buffer A, 11-min linear gradient from 99% of buffer A to 60% of buffer A, 13-min linear gradient from 60% of buffer A to 30% of buffer A, 15-min linear gradient from 30% of buffer A to 1% of buffer A, hold 1% concentration until 16 min. Starting from 17 min, use linear gradient from 1% of buffer A to 99% of buffer A. Reequilibrate the column for 3 min with 99% concentration of buffer A before measurement of the next sample. 3. Acquire mass spectra covering mass range between 100 and 1500 m/z with resolution set to 25,000 and loading time restricted to 100 ms. Set AGC target to 1e 6 , capillary voltage to 3kV with a sheath gas flow and auxiliary gas value of 60 and 20, respectively. Set capillary temperature to 250 °C and skimmer voltage to 25V.
Processing of Metabolomics Data Representative Results
In the original study, three A. thaliana NDPK genes were overexpressed in PSB-L cell suspension cultures under the control of the constitutive 35S promoter 14 (Figure 1) . Tandem affinity tag was fused to either carboxy-or amino-terminal end of a bait protein. The affinity-purified complexes were subjected to MTBE/methanol/water extraction 16 . Affinity-pulled proteins and small molecules were identified using MS (Tables  S2 and S3 ).
To correct for false positives, blank samples were used to exclude small-molecule contaminants from the chemicals and laboratory consumables. Furthermore, metabolites and proteins that bind to either an affinity tag or resin alone were accounted for by using EV control lines.To retrieve true positives, two-tailed non-paired Student's t-test and Benjamini & Hochberg false discovery rate correction was applied to identify metabolites (Table S4 ) and proteins (Table S5 ) significantly enriched in the NDPKs AP experiments (N-and C-terminally tagged NDPKs) in comparison to the EV control lines (FDR < 0.1). Note that in the previous work, we used absence/presence criteria to delineate protein and small-molecule interactors.
Representative results are given for NDPK1, while metabolite data focus on dipeptides, a novel class of the small-molecule regulators studied in our group. Proteomic analysis revealed 26 putative protein partners of NDPK1. By further filtering for proteins co-localized in the same subcellular compartment as NDPK1 (cytosol), the list narrowed down to 13 putative protein interactors. Among the identified proteins were glutathione S-transferase, two elongation initiation factors, tubulin, and aconitate hydratase. Metabolomic analysis revealed four dipeptides ValLeu, Ile-Glu, Leu-Ile, and Ile-Phe that specifically co-eluted with NDPK1 (Figure 2) . Note that all four dipeptides share a hydrophobic residue in their N-terminus, suggesting shared binding specificity. Table S4 . Dipeptides found in AP samples in which NDPK1, NDPK2 or NDPK3 were used as bait. Dipeptides present in blank samples were excluded from the list. Two independent lines (tagged in either N-or C-terminus) for each NDPK were run in triplicate. Student's t-test and further correction of p-value using Benjamini & Hochberg method were used to determine significantly enriched interactor partners of NDPKs (FDR < 0.1). Given is ΔRT calculated in relation to the reference compounds and Δppm in relation to the monoisotopic mass given in Metlin 27 . Please click here to download this file. Table S5 . Proteins co-purified with NDPK1. Two independent lines (tagged in either N-or C-terminus) for each NDPK were run in triplicate. Student's t-test and further correction of p-value using Benjamini & Hochberg method were used to determine significantly enriched interactor partners of NDPKs (FDR < 0.1). Please click here to download this file.
Discussion
The presented protocol allows parallel identification of PP and PM complexes of a target protein. From cloning to final results, the experiment can be completed in as little as 8-12 weeks. Complete AP takes about 4-6 h for a set of 12 to 24 samples, rendering our protocol suitable for mid-throughput analysis.
The protocol, despite being overall straightforward, has a number of critical steps. (i) Sufficient amount of input protein and affinity beads is crucial to reach a dynamic range of metabolite detection. Efficient cell lysis is therefore a crucial step in the procedure. Poor protein yields can be a consequence of insufficient pulverization of the material or of suboptimal lysis-buffer/material ratio. (ii) Care should be taken that used reagents are MS-friendly. Strong detergents, glycerol, or excessive amounts of salt should be avoided as they interfere with MS detection. (iii) Agarose beads should not be over-dried during washing steps, and when using a vacuum manifold it is important to apply a slow flow rate so as not to destroy the beads or affect complex stability.
There are some important possible modifications to the presented protocol: (i) We use the constitutive CaMV35S promoter to maximize the amount of bait protein. Overexpression, while very useful, can have serious effects on cell homeostasis 28 and lead to the formation of physiologically irrelevant interactions. Expression of tagged proteins using native promoters and where possible in a loss-of-function background is considered superior for retrieving true biological interactors. For proteins normally not expressed in plant cell cultures, a plant background may prove necessary to identify relevant interactors.
(ii) When working with membrane proteins, the lysis buffer needs to be supplemented with an MS-compatible detergent. (iii) Introduction of a second affinity-purification step could improve false-positives to true-positives ratio and eliminate the need for EV controls 29 . A novel tandem tag with two independent protease-cleavage sites presents an attractive alternative to the sizeexclusion chromatography step added by Maeda et al. 2014 11 , which is both laborious and time consuming.
The most serious drawback of the AP is the high rate of false positives. The reasons are numerous. Constitutive overexpression was already mentioned. Another source of physiologically irrelevant interactions, unless working with isolated organelles, is preparation of whole-cell lysates containing mixtures of proteins and metabolites from different subcellular compartments. Subcellular localization should be used to filter for true interactors. Nevertheless, the majority of false positives result from unspecific binding between proteins and agarose resins. Introduction of a second purification step, as described above, offers the best solution to the problem, however comes at the cost of time and throughput. Moreover, weaker interaction may be lost as the protocol lengthens. Another caveat of AP is that despite the comprehensive information it provides about the interactome of a target protein, differentiating between direct and indirect targets of the baited protein is impossible. Targeted bimolecular approaches are needed to confirm interactions.
AP coupled with MS-based metabolomics was used to study protein-complexes in S. cerevisiae 12 . This work, together with our earlier observation 13 that, similarly to lipids, polar and semi-polar compounds remain bound to protein complexes isolated from cellular lysates, provided conceptual groundwork for the presented protocol. Our protocol is characterized by three unique points: (i) In contrast to the yeast work 12 , it demonstrates that AP is suitable for retrieving not only hydrophobic but also hydrophilic protein ligands. (ii) By introducing a three-in-one extraction protocol, a single AP can be used to study protein and metabolite interactors of the bait protein. (iii) We adapted the protocol to plant cells.
Future efforts will focus on creating a novel tandem tag with two independent protease-cleavage sites. We would also like to explore suitability of the protocol to low-abundance small molecules such as plant hormones.
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